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I. Magnetic Dipoles 



t 



J t L = wJt 1 1 = m 




Figure 5-16 The orbiting electron has its magnetic moment m in the direction 
opposite to its angular momentum L because the current is opposite to the electron's 
velocity. 




Figart 5-14 A magnedc dipok consists of a small [.ircuhiinK curr ent l&op. The 
nuffinetic moment is. in the direction normal to the loop by ihc right-hand rule. 
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Diamaqnetism 



l = — = — , nn = -l7iR' iz =— ^ /R' iz = — — 
2y 2n 2/2 



Angular Momentunn L = nrigR ir xv = nrig R(coR)|^ir x = rrig roR^ iz 

r -\ 2m, — 
rxp = 

/ ^ 
linear momentunn 

L is quantized in units of — , h = 6.62 x 10^"* joule - sec 

2n 

(Planck's constant) 



eh eh „ . . ^ „_24 2 



- 1 e L 

m = — Ll = — ^ — ^ ^" «i 9.3x10'^^ amp-m 
I 2mg 2 7i(2)mg 4n 

' Y-" 

Bohr magneton ms 
(smallest unit of 
magnetic moment) 



Imagine all Bohr magnetons in sphere of radius R aligned. Net magnetic moment is 



m = mg — 71 R^ p 



•Avogadro's number - 6.023 x 10 molecules per kilogram-mole 



Total mass 
of sphere 



molecular weight 
For iron: p =7.86 x 10^ kg/m^ Mo=56 




Figure 9.0.1 (a) Current ! in loop of 
radius R gives dipok moment m. <b) 
Spherical tnaferial «f mMm R lus d^6le 
moment animxinuled as (lie sum of atomic 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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For a current loop 



4 A 4 A 

m = i7iR^=mB — TiR^p— =>i = mB— Rp— 5- 



3 "M, 



For R = 10 cm => i = 9.3x10" 



(.1)7.86x10- 



(6.023x10'') 



56 



= 1.05 X 10^ Amperes 



Thus, an ordinary piece of iron can have the same magnetic moment as a 
current loop of radius 10 cm of 10^ Amperes current. 



B. I^agnetic Dipole Field 



H = 



471 r^ ^o 



2 cos ir+ sin ie 



(multiply top & bottom by lag) 



Electric Dipole Field 



E = 



4 718,3 r^ 



2cos0 ir+ sin0 ie 



Analogy 

p ^ ^0 m 

P = Np^M = Nm, N = #of magnetic dipoles / volume 



Polarization Magnetization 
II. Maxwell's Equations with Magnetization 
EOS 

V.(8o e)= -V.P 

pp = -V. Repolarization or paired 
charge density) 



= -n • 



P - P 



MPS 

V.(mo h) = -V.(^„ M) 

p^ = -V • m) (magnetic charge 
density) 



/-a -t 

Ho(h -h 



- -n • 



1^0 M -M 
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= -n. 



P -P 



VxH = J 



VxE = 



at 



Mo 



MQS Equations 

B = + Magnetic flux density B has units of Teslas (1 TesIa = 10,000 Gauss) 



V.B = 



—a —a 

B - B 



= 



VxE = 



dt 



VxH = J 



V = ^, X = jB.da (total flux) 
III. Magnetic Field Intensity along Axis of a Uniformly Magnetized Cylinder 




Ftture 9J.1 (a) Cylinder of circular cicss-section uniformly magnetized in tbe direction 
of its ftxis. (b) Axial diftributiofi of scalar nuignetic pc^tlal and (c) axial magnetic; fidd 
intensity. For these distributioDs, ttie cylinder let^ is assumed to be equal to its dianwter. 



From Electromagnetic Fields and Energy by Hermann A. Haus and James R. Melcher. Used with permission. 
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(z = -%) = -Mo Mo 

VxH = J = O^H = -V'P 



V' 4 7r^(, r - r' 



*P(z)= j ^ 7_ _ I + j ^fl _ 

4o 47iHo r-r' >-=o 471^0 r-rl 



M„M.2«r'dr' 



r'=0 



4 71 Ho 



li„M„2.r'dr' 



r'=0 



4 71 Ho 



r'^+|z + ^ 



r'dr' 



[r'^+(z + a)'" 



r'^+(z + a)' 



^(z) = 
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IV. Toroidal Coil 



toroid axis 




Ni turns 




Figure 9.4.1 Toroidal coil with 
(kaitit-shqied m^gpedzable cent. 



Fliiire 9 A2 Smface S 
enclosed by contour C used 
with Amp^'s iniegml law 
to ddxnaiae H in tbc coil 
tSamm in Rgine 9A1. 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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O « B 



A, = N, <D = N, B 



71 W 




Figure 9.4.3 Demonstration in 
which the B - J? curve is traced 
out in die sinustMdal steady state. 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 



Vh = ii Ri = Ri 



H.27iR 



dt 



(Vh = Horizontal voltage to oscilloscope) 

dV„ 



dt 



1 d A. dV 

If R, » => — ^ » R, C, — - => ^, = R, C, (V^ = Vertical voltage to oscilloscope) 

CO dt dt 



V„ = 



71 



Rj C2 



N2 B 



n w 



N, B 
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B 



' — Figure 9.4.4 Typical magnetization 

curve widiCHit hystoesis. For typical 
' g ferromagnetic solids, the saturation flui 

1 ^ density is in the range of 1-2 Tesla. For 
ferromagnetic domains suspended in a 
liquid, it b Tesla. 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 



B 




Figure 9M Magnetization charactetistic 
for umefkl duwing hysteresis witfi typical 
values of Br and He given in Table 9.4.2, 
The curve is obtaincsd after many cycles of 
sinusoidal excitaeion in apparatus such as 
thai of Figure 9.4.3. The trajectory is traced 
out in respcmse to a sinusoidal cumnt, as 



t shown by the inset. 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 




Figure 9.4.5 Poly crystalline ferromagnetic 
material viewed at the domain level. In 
dK absoiee of an applied n\AgTietic field, 
the domain monaeiils laid to cmcd. (This 
presumes that the material has not been 
left in a magnetized state by a previously 
applied field.) As a field is applied^ the 
domain waUs shifl; giving rise lo a net 
magnetizatioii. bi id^ materiakt saturatiaii 
result!; as all of the domains combine into 
one. In matemls used for bulk fabrication 
itf bansfonnen, inifmfectioDs prevent the 
lealizatioo of Ais stale. 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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V. Magnetic Circuits 



Contour Df rntogration of 




Flux entering S \ i,^'' 



^ Curr«flt i passes iwrpendicuisriy 
thrxHigh contour A^tinwt 

Faraday's lew evaluated for dashed contour follo>iMing N 
turn coil in the direction of the current 



Oo»i) surface S 
htt zero nvt flux 
throu^ it 



Figure 6-8 The magneiic field is zero within an in finitely permeable magnetic core 
and is constant in the air gap if we neglect fringing. The flux tiirougli the air gap i& 
constant at every cross aectioii of the magnetic drouit and links the AT turn ctril N times. 



In iron core: 



Mm B = 



H = 



B finite 



cf H.dl = Hs = Ni ^ H = 



Ni 



Li„ Dd N . 

O (Iq H Dd = ^ 1 



j,B'da = 



s i s 
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VI. Reluctance 



91 = '^= ^ 



(length) 



O iliq Dd (pernneabillty) (cross -sectional area) 
[Reluctance, analogous to resistance] 



Series 




Contour far 

evaluating Ampere's law M ( 




Parallel 



+ 



Vi 



Ptnhi "for evaluation 
of Ampere's circuital 
DmhO law whicli gi^e u& 



Hgure 6-11 Magnetic circuits are most easily anaJyzied from a circuii approach where 
(a) nduiOUiioes in acnia. add and (b) permeaiices in parallel add. 



A. Reluctances In Series 



a^ D ^2 ^2 1^ 



Ni 

O — 



|)H.dl = Hi S1+H2 S2 =Ni 
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CD = D = ^2 ^2 ^ 



^2 Ni 



Hi 

M'l ai S2 + H2 Si 
B. Reluctance In Parallel 



^2 = 



^1 a^ Ni 



^1 ai S2 + M.2 aj Si 



H.dl = HiS = H2S = Ni^Hi = H2 



Ni 
s 



= (n, H, a, + H2 H2 a2) D = ^^^^-^ = Ni(g>, + g>2) 



= ^ [Permeances, analogous to Conductance] 



VII. Transformers 
(Ideal) 



Cross sectiofnal 
'area A 




Primary 
winding 



















»2 





Average care length 



Secondary winding 



Figure 6-13 (a) An ideal transformer relates primary and secondary voltages by the 
ratio of turns while the currents are in the inverse ratio so that the mpwt power ccjuals 
the output power. The H field is zero within the infinitely permeable core. (&) In a real 
transformer the nonlinear B-H hysteresis loop causes a nonlinear primary current ti 
with an ppen circuited secondary (ta = 0) even though the imposed sinusoidal voltage 
Vi=Va cos aft fixes the flux to be sinusoidal, (c) A more complete transformer equivalent 
circuit. 
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A. Voltage/Current Relationships 



Another way: c^H^di = HI = NJ^ -N2i2 



H- Ni ii-N^ i^ 
I 



3'-nHA = HA(NJ^-N,i,) = M. 



^2 - N, O = ^(Ni N, i, - N/ !,) - -Mi, + L, i. 



)iA 



' dt ^ dt dt ^ ° 



V =^ = +M^-L ^ = NL 
^ dt dt ^ dt ^ ° 



M di, ., di, 
+Ni -r- - N, — ^ 
' dt ' dt 



lim H ^ => Ni ij = Nj ij 



i, N, 



V2 '2 
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Figure 9.7-6 Circuit lepresentation of 
a transfonner as defined by the terminal 
relations of (12) or of an ideal transfonner 
as defined by <13). 



Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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